For a comprehensive understanding of planetary formation and evolution, we need to investigate the environment in which planets form: circumstellar disks. Here we present high-contrast imaging observations of V4046 Sagittarii, a 20-Myr-old close binary known to host a circumbinary disk. We have discovered the presence of rotating shadows in the disk, caused by mutual occultations of the central binary. Shadow-like features are often observed in disks 1, 2 , but those found thus far have not been due to eclipsing phenomena. We have used the phase difference due to light travel time to measure the flaring of the disk and the geometrical distance of the system. We calculate a distance that is in very good agreement with the value obtained from the Gaia mission's Data Release 2 (DR2), and flaring angles of α = 6.2 ± 0.6 deg and α = 8.5 ± 1.0 deg for the inner and outer disk rings, respectively.
For a comprehensive understanding of planetary formation and evolution, we need to investigate the environment in which planets form: circumstellar disks. Here we present high-contrast imaging observations of V4046 Sagittarii, a 20-Myr-old close binary known to host a circumbinary disk. We have discovered the presence of rotating shadows in the disk, caused by mutual occultations of the central binary. Shadow-like features are often observed in disks 1, 2 , but those found thus far have not been due to eclipsing phenomena. We have used the phase difference due to light travel time to measure the flaring of the disk and the geometrical distance of the system. We calculate a distance that is in very good agreement with the value obtained from the Gaia mission's Data Release 2 (DR2), and flaring angles of α = 6.2 ± 0.6 deg and α = 8.5 ± 1.0 deg for the inner and outer disk rings, respectively.
Our technique opens up a path to explore other binary systems, providing an independent estimate of distance and the flaring angle, a crucial parameter for disk modelling.
The stellar system under scrutiny here is peculiar. V4046 Sgr (HD 319139) is a doublelined spectroscopic binary with an orbital period of P=2.42 days 3 . The K-type stars that comprise the binary system have nearly equal masses, M ,A =0.90±0.05 M and M ,B =0.85±0.04 M , a separation of a=0.045 au, and an eccentricity e< 0.001 (i.e., a circular orbit 4 ). V4046 Sgr is a proposed member of the β Pic Moving Group 5 with a kinematic distance of d=73 pc 6 . The estimated dynamical masses of the components along with their temperatures and luminosities suggest an age of ≈ 10 − 20 Myr. At this relatively advanced age, gas-rich disks have usually already been dissipated 7 . Several mechanisms have been advocated in order to explain the survival of the circumbinary disk orbiting V4046 Sgr, such as e.g., tidal torque induced by the close binary 2 on its disk that inhibits accretion and increases lifetime with respect to a single star 8 . Another possibility is the presence of a cavity that may limit accretion flows onto the central star 4 . This cavity could be the result of dynamical interactions with an unseen massive companion with a mass limit of M<0.07 M at separations a > 2.9 au (see Figure 8 in 4 ). Alternatively, the gap could instead be related to photoevaporating winds that create large pressure traps (see 4 for further details).
Given the intriguing nature of this object, multiple multi-wavelength observations have been carried out. This includes H α emission 9 and sub-millimeter studies 10 . Rosenfeld and collaborators 4 reported a large inner hole (r = 29 au) that is spatially resolved in 1.3 mm continuum emission.
In their work they estimated a dust+gas mass for the disk of 0.094 M and derived a disk inclination of i=33.5
+0.7
−0.4 , with a position angle (P.A.) of 76 degrees. Subsequently, GPI [Gemini Planet
Imager 11 ] observations revealed a relatively narrow ring of polarised NIR flux whose brightness peaks at ∼14 au 12 . This ∼14 au radius ring is surrounded by a fainter outer halo of scattered light extending to roughly 45 au, which coincides with the previously detected millimeter-wave thermal dust emission.
In this study we have used the ESO-VLT facility SPHERE 13 instrument and acquired IFS 14 and IRDIS 15 high-contrast imaging and spectroscopic near-infrared observations (see Methods). 12 from GPI datasets. Moreover, we confirm the presence of shadow-like features that were previously suggested 12 . We found that the shadows have rotated by 11±1 degrees between the observed epochs, in agreement with what is expected from the central binary phase (see Table   1 ). We are observing the "penumbra" created when the primary component of the binary system partially eclipses the secondary star and causes a reduction of the stellar flux illuminating the disk surface (see Figure 2 ). We note that the total eclipse of less than 0.5 deg would be too narrow to be detected. It is noteworthy that the presence of shadows is expected because the binary orbital plane and the disk plane are aligned, with a difference in inclination of only dI = 0±1 degree 16 .
Thanks to the high-contrast imaging capabilities of SPHERE we are able to detect these features that were previously not observable because of technical limitations. can exploit the presence of these shadows to infer two fundamental properties of the system: the flaring angle of the disk and the distance to the system. The distance determination is a purely geometrical estimate that is completely independent from other methods. We have calculated the expected phase delay of the shadow, due to the light travel time, with respect to the binary phase, and compared the theoretical (expected) value with our observed measurements. This has been done for the inner disk (at 13 au) and the outer disk (at 29 au) and for shadows on the near side and on the far side of the disk. The phase delay of the shadow can be calculated as explained in Methods; here we recall that phase delay depends on the binary phase ( φ), the flaring and inclination angles of the disk (α and i, in radians), the distance between the stars and the disk rings (r, where the inner ring is at 13 au and outer ring at 29 au), the speed of light c, and the central binary period (P ) in seconds. In our Equation 1, there is a dependence of the phase delay on the system distance (which enters into the ring positions as expressed in au) and the disk flaring angle.
To break the flaring-distance degeneracy, we have used polarimetric differential imaging lower value is likely to be because of the more advanced evolution of this disk.
Including our flaring estimates in Equation 1, we can now determine which distance values minimise the difference between the expected and measured positions of the shadows. We found that the difference between the expected shadow position, calculated by applying the delay due to light travel time to the binary phase, and that measured on our data, (see Table 1 ) is 2.86±0.18 deg where the error is the r.m.s from the average of the shadows observed in the disk near side (because if their higher accuracy). This corresponds to a diskrepancy in the binary phase of 7×10 −3 . However ,our error in the phase is much larger, i.e., 0.03. Because of this large uncertainty, we decide to exploit the phase difference between inner and outer rings, which is independent of the binary phase, to infer the system distance. In this way we obtain a pure geometrical distance of d=78±8 pc, which is in good agreement with the new Gaia DR2 distance of d=72.4±0.3 pc.
Finally, we emphasise that the presence of shadows in the PDI observations ( Figure 3) demonstrates that these features are real and not an artefact due to post-processing techniques such as e.g., ADI and similar algorithms that can introduce artificial structures. To quantify this, we carried out an ADI simulation to test the possible effects of these procedures and see if they can 7 introduce spurious shadow-like structures. Our simulation results suggest that artefacts introduced by ADI post-processing are significantly different from the shadows detected in our observations and they are preferentially located along the minor axis of the disk (see Methods).
Our study furnishes two main results. Firstly, we provide an estimate of the flaring angle by using a new approach that does not depend on the details of disk modelling. Adopting the formalism given in 4 , we found values of the flaring angles that correspond to ψ=1. 24 . We refer to this work for the full description of the observing sequence (flux, centering and science frames), exposure times and data reduction, which was performed as in 35 . where Y is the fractional part of the orbital phase φ. The formal error on our period determination, as given from the sinusoidal fit to our dataset, is 3.122×10 −5 days.
Binary orbit determination
Our estimate is in very good agreement with the period (2.421296 ± 0.000001 days) derived in ref. 37 . As already noticed in ref. 37 this value is several sigma out of the determination by 36 and 21 3 ; this might be explained as due to the stellar activity that produces an uncertainty much larger than the nominal error in periodograms.
Given the uncertainty in the period, and the time elapsed since the last observations by 37 and our dataset, we conclude that the binary phase at the epoch of our observations has an uncertainty of ±0.03.
Results of the ADI simulation The ADI technique allows for the enhancement of weak features that are responsible for azimuthal gradients in high contrast images, making them detectable above the static (instrumental) speckle noise. The shadows considered in this paper match this criterion. However, ADI may also create false alarms due to random distributions of the noise in the residuals 38 . In addition, ADI may cancel real features out, which have weak or non-azimuthal gradients, such as the emission around the main axis of the observed ellipses that result from the line of sight projection of circular rings. We note here that ADI attenuation is inversely proportional to the second derivative of the signal along the azimuth, and hence the signal attenuation due to ADI is expected to be largest close to the minor axis. While the shadows we found on the disk of V4046 Sgr do not align with either the major or minor axis of the disk projection, one may wonder whether their prominent appearance in ADI images might be a consequence of the properties of image post-processing.
To test this issue, we built a forward model simulating the photometric properties of the V4046 Sgr disk and added a realistic noise model to it using real data of another target lacking a 22 prominent disk and observed in conditions similar to those of V4046 Sgr. We then processed the resulting simulated imaging data set through ADI with exactly the same procedure and parameters used on our observed data of V4046 Sgr.
To estimate a photometric model for the disk, we computed a geometric model under the hypothesis that it can be represented by a solid scattering surface. Similar approaches are described in 39 , 41 , and 40 for the case of HD 100546 and SAO 206462, respectively. The surface is assumed to have cylindrical symmetry and its height above the mid-plane is described by the law: The total exposure time and the field rotation of the images are also similar. Several relatively small adjustments of the disk intensity were needed to take into account the residual differences.
In Supplementary Figure 3 we compare the result of this ADI simulation (left-hand panel)
with the real ADI reduction of V4046 Sgr (right-hand panel). The figure reveals that ADI actually creates gaps in the simulated disk that are not present in the original model. However, the most prominent gap in the simulation is located along the minor axis and it is much wider than that expected for a shadow. Thus, the shadow properties are significantly different from the gap observed in the ADI image.
Calculations of the phase delay In order to compute the phase delay between the shadow and the binary due to the light travel time we first considered a geometric sketch of the system as displayed in Supplementary Figure 4 . The parameters that have to be included to calculate the phase delay are the inclination of the disk (i=33.5 deg), the distance of the system, which we take into account when converting the positions of the rings from angular to scalar distances, and the flaring angle α. The locus of points on the surface of an axisymmetric disk with a flaring angle α at a distance r from the central star is a ring of radius rcosα at a distance rsinα above the star. We can orient our coordinate axis so that the star is at the origin and the observer is toward the positive z-axis.
If the disk is face-on with respect to the observer, then the equation for this ring can be expressed parametrically as x = r cosα cosφ; y = r cosα sinφ; z = r sinα, where φ is the phase angle representing the location along the ring. φ is defined clockwise starting from the East side of the major axis of the apparent disk ellipse (see Figure 1 ).
In order to account for the inclination, we performed a coordinate transformation representing a rotation about the x axis.
The difference in the light path is then dx = r − z, because the light has to travel first to the point on the ring and then scatter along the z-axis to the observer. Thus,
When sinφ=1 (near side of the disk), this produces dx = r − r sin (i + α), whereas for sinφ = −1 (far side) we have dx = r + r sin (i − α). We finally obtain that the phase difference (PD) is:
Thus, the distance d (in parsec) is:
where s is the semi-major axis of the disk in arcseconds and f = [1 − sin α cos i − sin φ sin i cos α].
We note that the difference in the position angles obtained for the inner and outer disks (see A sanity check on the shadow depth calculations As mentioned in the main body of the manuscript, the shadow depth (we recall that we detect the penumbra due to central binary eclipse) has been determined by exploiting the PDI data. , where R * is the stellar radius and a is the separation. The value of 26 degrees is in agreement with a flaring angle of ∼ 5 deg, which is very close to our determination of flaring angle given by the shadow depth measurements in the SPHERE images.
Thus, this basic cross check provides supporting arguments for our estimates.
Data Availability
All the data are publicly available through the ESO archive (http://archive.eso.
org/cms.html). The data that supports the plots within this paper and other findings of this 26 study are available from the corresponding author upon reasonable request. 
